Ti-15Mo alloy samples were irradiated by pulsed Yb: YAG laser beam under air and atmospheric pressure. Calcium phosphate coatings were deposited on the irradiated surfaces by the sol-gel method. The sol was prepared from the precursors Ca (NO 3 ) 2 .4H 2 O and H 3 PO 4 . The modified surfaces were submitted to heat treatment conditions at 350 and 600°C. The results showed that the two conditions established have a sufficient energy to promote ablation on the laser beam irradiated surfaces. Likewise, it has been demonstrated the processes of fusion and fast solidification from the laser beam irradiation, under ambient atmosphere, inducing the formation of stoichiometric TiO 2 and non-stoichiometric titanium oxides, including Ti 3 O 5 , TiO, Ti 3 O and Ti 6 O with different oxide percentages depending on the fluency used. Besides that, laser modification has allowed a clean and reproducible process, providing no traces of contamination, an important feature for clinical applications. The physico-chemical and morphological properties indicated the formation of a mixture of phases: calcium pyrophosphate, hydroxyapatite and β-TCP for the procedure (PA: calcination temperature), whereas HA (hydroxyapatite) and β-TCP (tricalcium phosphate) were obtained by the procedure (PB: calcination temperature). Therefore, it was possible to obtain a Ti-15Mo alloy surface consisted on calcium phosphate ceramics of biological interest using the procedure (PB). Thus, the laser beam irradiation associated to bioactive coatings of calcium phosphates of biological interest have shown to be promising and economically feasible for use in dental and orthopedic implants.
Introduction
The demand for artificial implants in humans is increasing, due to the increase of the world population, and the loss of functions of the body due to the process of aging and accidents [1, 2] . The materials used as biomaterials should have certain desirable properties, such as biocompatibility, biofunctional, bioadhesion, adequate and compatible mechanical properties with bone, processability and resistance to corrosion, and especially added-market value [3, 4] . The Ti-15Mo alloy is one of the most promising for implant applications due to electrochemical stability behavior in simulated body fluid media. It is directly associated to biocompatibility as an essential condition for the use of an implantable biomaterial. However, the biological response from the surface interactions of the biomaterial/biological environment should be further evaluated despite the development of Ti-Mo alloys has allowed obtaining materials with mechanical properties, resistance to corrosion, modulus of elasticity and biocompatibility suitable for application as biomaterial. In this context, it is important to use surface modification methods to improve the biological activity of these materials, promoting osseointegration [5] [6] [7] [8] [9] [10] .
Additionally, the contamination of titanium surfaces and their alloys using traditional texturization techniques has influenced researchers to develop techniques that do not require different chemical elements. Considering this requirement, laser beam irradiation can provides a great tool due to concentrated beam of light, which only requires a physical medium to propagate. Preliminary studies indicated similar results to those found in others traditional applied texturization techniques [10, 11] . However, it was possible to obtain a significantly lower degree of surface contamination by laser irradiation. The most common types of lasers comprehend those generated by a gas mixture containing carbon dioxide, as well as those generated by Nd: YAG (Neodymium -Yttrium Aluminum Garnet) and Yb: YAG solid. The CO 2 , Yb: YAG and Nd: YAG lasers can be used in cutting, welding and surface modification applications [12] .
The surface modification of (unalloyed commercially pure Ti) cp Ti (and its alloys can be obtained by laser beam irradiation. However, it is necessary to establish the correct relation between the parameters of the beam (frequency, time of application, energy and intensity) and the obtained composition and morphology of the irradiated surface. In the cell adhesion process to biomaterials, the surface properties, such as topography and surface energy play a fundamental role in the osteoblastic adhesion that occurs in osseointegration [3, 13, 14] .
The literature has reported a correlation of the parameters of the laser beam, the atmospheric conditions and the formation of oxide phases, as well as the surface morphology [9, [15] [16] [17] .
The sol-gel method allows to deposit materials while at the same time also enabling one to control their structural, textural and morphological properties [18, 19] . Several articles have been published using the sol-gel method with different precursors to obtain calcium phosphate coatings [19] [20] [21] [22] [23] [24] [25] . On basis in the present work, the surface of the Ti15Mo alloy was modified by laser beam Yb:YAG, in order to characterize new morphologies and the formation of calcium phosphate. The deposition of bioactive ceramics of calcium phosphates was accomplished using dip-coating sol-gel method. The influence of the heat treatment on the formation of the calcium phosphate on Ti-15Mo surfaces was evaluated.
Materials and methods

Laser-activated surface modification
Samples of titanium alloy (8 × 8 × 2 mm) were submitted to Yb:YAG multipulse laser irradiation using a Laser OmniMark 20 F (λ = 1090 nm). The topography is related to surface morphology and roughness, and surface energy, depending on the phases formed [26, 27] . All surfaces were modified under pressure and air atmospheric conditions. The parameters (power, frequency and scan speed) with two fluency (ablation) values of 1.91 and 3.17 J/cm 2 , Table 1 . The laser parameters were set according to the procedure proposed by Braga [28] . After irradiation, the samples were treated ultrasonically and separately in solutions of ethyl alcohol, acetone and distilled water, followed by ovendrying, and characterization.
Coating of samples by the sol gel method
The sol used was prepared from the reaction Ca(NO 3 ) 2 .4H 2 O and H 3 PO 4 , dissolved in methanol (reaction 1). The preparation of the sol-gel solution was performed with a stoichiometric calcium/ phosphorus ratio of 1.67. The pH of the calcium phosphate precursor sol was, approximately, 2.0.
The samples, without and after laser beam irradiation, were cleaned by ultrasonic process using sequential solutions of In the study, two procedures were used, Table 2 :
• Procedure A (PA): after each immersion, the samples were calcined at 350°C, removal of the muffle furnace, the sample was expected to cool, and four times repeatedly processed.
• Procedure B (PB): after each immersion, the sample was calcined at temperature of 600°C, removed of the muffle furnace, the sample was expected to cool and four times repeatedly processed.
Characterization
All coated and uncoated samples were characterized by scanning electron microscopy (SEM), using a Zeiss EVO LS-15, Oxford Inca Energy 250. The X-ray diffraction analysis was performed in a Siemens D5000 X-ray diffractometer, using a scan angle of 20 at 80°with a step size of 0.02 (2θ). Each sample was subjected to a counting time of 10 s/step in a Bragg-Brentano configuration, using Cu (kα1) radiation. Quantification by Rietveld refinement was performed in a Rigaku RINT-2000 X-ray diffractometer with rotating anode, operating under the experimental conditions at 42KV, 120 mA, with divergence slits, scattering angle of 0.5°, 5 mm horizontal opening of the divergence slit, 0.3 mm receiving signal, 5°Soller, copper anode, and wavelengths of Kα 1 = 1.55056 Å and kα 2 = 1.5444 Å, Iα 2 /Iα 1 = 0.5. The chemical bonds of the calcium phosphates coatings were characterized by vibrational infrared spectroscopy, using a Bruker Vertex 70 FTIR spectrophotometer equipped with a diffuse reflection DRIFT Collector TM . ). It was observed an increase of energy density (higher fluency), provides an increase in irregularity surface with different levels of roughness (ablation). Figure 2 shows the diffractograms of control samples (without irradiation) and samples 1 and 2 (1.91 and 3.17 J/ cm 2 ), respectively. It can be verified in the laser beamtreated surfaces the ablation process has modified the topography, and produced the formation of stoichiometric and non-stoichiometric oxides as predicted by the fluency equation [28] . X-ray diffraction spectra revealed, in addition to β-Ti peaks (#: 89-4913), the presence of β -TiO (#: 89-5010), Ti 3 O (#: 76-1644), Ti 6 O (#: 72-1471), TiO 2 (#: 77-441) [29] . Table 3 shows the oxide phases percentage obtained by Rietveld refinement, corresponding to laser beam-irradiated surfaces [30] .
Results
Laser surface irradiation
Coating using the sol gel method
The preparation of the sol using the precursors Ca(NO 3 ) 2 .4H 2 O and H 3 PO 4 , and methanol as solvent, produces a homogeneous solution of pH ≈ 2. According to Kanazawa [31] , in solution containing phosphate and calcium ions with pH lower than 6.6, there is a predominant formation of the monohydrogen calcium phosphate dihydrate phase (DCPD-CaHPO 4 .2H 2 O). Thereby, it is possible the transformation in other phases under thermal treatment, such as calcium pyrophosphate, tricalcium phosphate (TCP), octacalcium phosphate, hydroxyapatite (HA) and hydroxyapatite deficient in calcium (HA D ). Figure 3 shows the diffractograms of the bioactive coatings, submitted to the procedure (PA). In all samples the peaks corresponding to the phases of the Ti-15Mo alloy (#: 89-4913), a mixture of calcium pyrophosphate phases (#: 17-499; 45-1061), HA (#: 89-4405) and β-TCP (#: 70-2065) were identified [29] . It can be observed the samples irradiated with laser beam promote the formation of phases of calcium phosphates. Calcium pyrophosphate, Ca/P ratio = 1.0, belongs to the group of condensed phosphates, compounds having P-O-P bond. These are formed by the condensation of monohydrogen calcium phosphate with increasing temperature, reactions 2 and 3 [20, 32] .
Procedure (PA)-heat treatment at 350°C
The spectra in the mid-wave infrared region of the bioactive coatings submitted to the procedure (PA) are shown in Fig. 4 . It can be observed bands in the regions from 595 to 1115 cm −1 , corresponding to the vibrational mode PO 4 3− [23, 33] . Thus, the formation of inorganic salts, according to XRD analysis, can confirm the presence of tricalcium phosphate phase. Bands in the regions between 1100-960 and 725 cm −1 indicate the asymmetric stretching of the P-O-P bond, as well as a band assignment in the region of 1240 cm −1 , the P=O group. So, it was confirm the presence of the pyrophosphate group in coatings, according to DRX results (Fig. 3) . In all samples (0, 1 and 2), the presence of the band was verified at 3572 cm −1 , which is associated to the stretching vibration of the OH group of the hydroxyapatite phase. In the fingerprint region, the presence of 632 and 595 cm −1 was observed. These bands are related to the stretching of the OH group, the vibration of the PO 4 3− group and the unfolding of the PO 4 3− group, respectively. Therefore, it could be refer to the formation of the hydroxyapatite phase [25, 34] . The bands at 1385 and 1460 cm −1 may be associated with CO 3 2− vibration from CO 2 in the atmosphere during the processes of dissolution, agitation, reaction and calcination [33] [34] [35] [36] . Figure 5 shows the micrographies of samples 0, 1 and 2 after bioactive coatings, submitted to the procedure (PA). A mixture of spherical aggregates and dense plates were observed. This features may be related to the phases calcium pyrophosphate, HA and β-TCP [24, 31, 37] .
Procedure (PB)-heat treatment at 600°C
In order to obtain majority formation of the HA and β-TCP phases, the coatings were obtained by procedure (PB). Figure 6 shows the X-ray diffraction patterns of the bioactive coatings submitted to the procedure (PB). It is possible to observe the presence of peaks, corresponding to the Ti-15Mo alloy (#: 89-4913), a mixture of phases consisting of HA (#: 89-4405) and tricalcium phosphate (β-TCP) (#70-2065) [29] . The spectra in the Mid-infrared region of the bioactive coatings submitted to the procedure (PB) are shown in Fig.  7 . It can be observed several bands in the regions from 590 to 1115 cm −1 refer to the vibrational mode PO 4 3− [23] , indicating the formation of inorganic salts, as observed in the XRD analysis, the tricalcium phosphate phase. Bands in the regions between 1045-970 and 729 cm −1 indicate the asymmetric stretching of the P-O-P bond. Likewise, -a band in the region of 1250 cm −1 , typical of P=O, suggests the presence of the pyrophosphate group in coatings obtained according to DRX (Fig. 6) . In all samples (0, 1 and 2) the presence of the band was verified at 3570 cm −1 , which is associated to stretching vibration of the OH group of the hydroxyapatite phase. In the fingerprint region, the presence of band assigments at 1630, 630 and 590 cm −1 were observed. These bands are associated to stretching of the OH group, the vibration of the PO 4 3− group and the unfolding of the PO 4 3− group, respectively, efering to the formation of the hydroxyapatite phase [25, 34] . In all samples submitted to the procedure (PB), two bands can be observed in the range of 1380-1460 cm −1 , which can be attributed to the vibrations of the CO 3 2− group, characterizing a possible result of atmospheric CO 2 chemisorption in the coating. The substitutions of type B with the carbonate ion, causes a distortion of the crystal network, contraction of the a-axis and expansion of the c-axis [25, 31] . Figure 8 shows the micrographies of samples 0, 1 and 2 after bioactive coatings, submitted to the procedure (PB). A mixture of agglomerate of spherical micro particles and dense plates was observed suggests the formation of phases HA and β-TCP, [23, 38] .
Discussion
Laser surface irradiation
The complete laser-metal interaction cycle is complex and non-linear. The phenomena involved occur with simultaneous and sequential effects. There are three fundamental components in the interaction of the beam with the surface of the material: laminar melting, evaporation and breaking of chemical bonds. The infrared-laser emission with a wavelength of 1090 nm (Yb:YAG), allows both phenomena such as plasma production and ablation, which consists on submitting the metal surface to rapid fusion and solidification process [12, 28] . During the thermal cycle could be presented a sequence of chemical reactions of nonequilibrium conditions: beam absorption, laminar melting, instability in surface tensions, change in roughness pattern, plasma explosions, heat loss through conduction, oxidation and migration of impurities. Laser-modified samples showed the formation of rougher surfaces than those of titanium alloys, which is attributed to the higher energy density generated on the surface, producing a larger zone of fused metal.
In the Fig. 1 , it can be observed the increased fluency, due to longer exposure time of the laser beam to the alloy (2) 3.17 J/cm 2 surface, produces typical morphologies with different surface energies. This can be explain through the formation of new structures (metal oxides) produced during the fast melt and solidification process [16, 28] .
Analyzing the Fig. 2 and Table 3 , the results showed a rapid fusion and solidification process by laser beam irradiation under ambient air, inducing the formation of titanium oxides with different degrees of oxidation. It can be an indication that the laser energy favors the diffusion of O atoms (or N, depending on the atmospheric condition used), as well as the rapid solidification to form these phases in a condition of non-equilibrium. Ti 3 O and Ti 6 O oxides are classified as nonstoichiometric oxygen-deficient oxides, i.e., they have oxygen vacancies. These vacancies are defects; hence, they are deviations from the stoichiometric composition of compounds [39] . Nonstoichiometric phases are found in several oxide systems at high temperatures, particularly, for cations may have various states (valences) of oxidation [39] . The metallic titanium is heated between 400 and 600°C under ambient pressure and air, in order to transforms into a TiO 2-x phases. The β-Ti phase occurs at high temperatures and low oxygen concentrations. Thus, the presence of the β-Ti cubic phase at the surface can be understood in terms of the low oxygen content in the central area of the laser beam incidence angle, due to the dispersion of molecules [40] . Another factor contributing to the formation of cubic phase is a rapid surface solidification process. The formation of β-TiO phase may be related to β-Ti phase [40] . The crystal lattice of titanium can absorb about 40% of atomic oxygen (18% w/w) in interstitial solid solution. The first intermediate phase, TiO, corresponds to all the forms of TiO x (18-29.4 w/w). Before the region of formation of TiO 2 (40% w/w), a phase is formed with lower oxygen content, the titanium oxide series Ti n O 2n-1 , which encompasses the interval of (36% w/w) and comprises a large variety of species. The presence of the Ti 3 O and Ti 6 O substoichiometric phases can be explained by interstitial oxygen diffusion in the Ti lattice [39] . Due to the high solubility of oxygen in titanium, this property leads to the formation of a large quantity of oxides, with an O/Ti ratio within the interval of 0-2.
Coating using the sol gel method
Procedure (PA)-heat treatment at 350°C
The procedure (PA) was used to obtain precursor phases, the formation of the monohydrogen calcium phosphate (CaHPO 4 ) and calcium pyrophosphate (Ca 2 P 2 O 7 ) phases are recognized as precursor phases of the hydroxyapatite phase, [31] . Thus, the heat treatment aims was elimination of organic compounds, derived from the nitrate anion present in the solution, leaving only the phases of interest in the substrate.
The Figs. 3,4 and 5 showed the samples irradiated with laser beam promote the formation of phases of calcium phosphates. Calcium pyrophosphate, Ca/P ratio = 1.0, belongs to the group of condensed phosphates, compounds having P-O-P bond. These are formed by the condensation of monohydrogen calcium phosphate with increasing temperature, reactions 2 and 3 [20, 32] .
According to the XRD, IR and SEM analyzes, it was indicated the formation of the phases, calcium pyrophosphate, HA and β-TCP.
Procedure (PB)-heat treatment at 600°C
In order to obtain majority formation of the HA and β-TCP phases, the coatings were obtained by procedure (PB). Unlike the procedure (PA), the laser beam surface modification associated to thermal treatment at 600°C allowed the formation of β-TCP (procedure PB). In the sol-gel process, the formation of the β-TCP phase may be related to the decomposition of the carbonated hydroxyapatite phase at high temperatures after heat treatment (reaction 4) [20, 25, 31, 41] .
According to Kanazawa [31] the process of formation of the β-TCP phase may be related to the decomposition of the non-stoichiometric hydroxyapatite phase, between 600 and 800°C, reaction 5.
The result suggests the formation of phases HA and β-TCP, according to the XRD (Fig. 6), IR (Fig. 7) and SEM (Fig.8) analyzes. Therefore, the physico-chemical properties of the coatings on the Ti-15Mo surfaces, using the parameters of 1.91 and 3.17 J/cm 2 and procedure (PB), have indicated to be a promising strategy for orthopedic and dental implants. As well-know, besides hydroxyapatite, main component of the bone is collagen in the solid phase, the tricalcium phosphate phase (β-TCP) was obtained. This material is biodegradable, biocompatible and partially reabsorbed between 6 and 15 weeks after implant process, depending on the porosity and physicochemistry of the modified surface [42] . It can corroborate to application in hard tissue regeneration.
Conclusions
The laser beam-irradiated Ti-15Mo process has influenced the substrate/coating interactions, promoting a better interaction with the calcium and phosphate ions. In the two preestablished parameter conditions of the beam, the ablation process can occur. In this case, the rapid melting and the solidification step, under atmospheric conditions, have promote the formation of stoichiometric oxides TiO 2 and non-stoichiometric TiO, Ti 3 O, Ti 3 O 5 and Ti 6 O with different oxide percentages, depending on the fluency applied. Laser beam modification is a clean and reproducible process, leaving no traces of contamination, as an important feature for clinical applications. By the results obtained from the bioactive coatings, it was possible to verify the influence of the heat treatment to obtain the calcium phospahtes phases. The results of the physico-chemical characterization showed for the procedure (PA) the formation of a mixture of phases-calcium pyrophosphate and β-TCP, whereas for the procedure (PB), it was obtained HA and β-TCP. The SEM analyzes showed different morphologies, both for the procedure (PB) and for the (PA), suggesting the different amounts of oxides formed by the laser beam influenced the morphology of the coatings. In general, it can be concluded the topographic profile and the physicochemical properties of the surfaces were adequate for the reception of bioceramics coatings due to the formation of oxides diversity and irregular morphology; thus physicochemistry plays a fundamental role both in the ceramic coatings on the surface irradiated by laser and favors the phenomenon of osseointegration.
